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The prefrontal cortex (PFC) is known to actively hold information “online” for a period of seconds in working
memory for guiding goal-directed behavior. It has been proposed that relevant information is stored in other brain
regions, which is retrieved and held in working memory for subsequent assimilation by the PFC in order to guide
behavior. It is uncertain whether PFC stores information outside the temporal limits of working memory. Here, we
demonstrate that although enhanced cAMP-dependent protein kinase A (PKA) activity in the PFC is detrimental to
working memory, it is required for performance in tasks involving conflicting representations when memory storage
is needed for minutes. This study indicates that distinct molecular mechanisms within the PFC underlie information
storage for seconds (working memory) and for minutes (short-term memory). In addition, our results demonstrate
that short-term memory storage within the prefrontal cortex is required for guiding behavior in tasks with conflicts
and provides a plausible mechanism by which the prefrontal cortex executes cognitive control.

The prefrontal cortex (PFC) is engaged by tasks that require the
selection and flexible use of information for guiding thought and
planning action (Luria 1966; Milner 1982). This structure has
been shown to actively maintain information for a period of
seconds, a process termed working memory, that is critical for
many of its higher cognitive functions (Baddeley 1992). Delay
match-to-sample tasks in the monkey, and analogous tasks in the
rat, have demonstrated that prefrontal neurons exhibit persistent
delay period activity for the purposes of guiding a future response
(Fuster and Alexander 1971; Kojima and Goldman-Rakic 1982;
Baeg et al. 2003). However, this persistent delay activity, a neural
correlate of working memory, has only been observed to last for
up to 20 sec (Bauer and Fuster 1976; Fuster and Jervey 1982;
Diamond et al. 1989; Leung et al. 2002). For longer delay periods,
spatial and object recognition memory tasks require the function
of the medial temporal lobe, especially the hippocampus. For
example, lesion of the hippocampus in rats results in profound
deficits in nonmatching-to-sample tasks when the delay is 1–2
min or longer, but not when the delay is reduced to 4 sec (Clark
et al. 2001).

In addition to its role in working memory, the PFC plays a
critical role in guiding appropriate responses when conflicting
representations exist and higher cognitive control is required in
order to suppress a habitual behavior (Mesulam 1998; Matsu-
moto and Tanaka 2004). For example, neuronal activity within
the PFC is increased when subjects are asked to perform a color-
naming task (Stroop test) if the read word is presented in a dif-
ferent color (e.g., the word “red” presented in a blue color) (Kerns
et al. 2004). It is thought that the PFC assimilates relevant infor-
mation stored in distinct brain regions in order to guide behav-
ior. In paradigms when conflicting representations are not pre-
sented, such as in the standard Morris water maze where the
location of the hidden platform is fixed, lesion of the medial PFC
(mPFC, homolog to the dorsolateral prefrontal cortex in mon-
keys and humans; Kolb 1984) has no effect on performance. In
the present study, we tested whether memory storage within the

mPFC lasting minutes is required for performance when the plat-
form location is moved following a pair of training-testing trials
in order to provide conflict. We examined the effects of targeted
mPFC infusions of Sp-cyclic adenosine monophosphorothioate
(Sp-cAMPS) or Rp-cyclic adenosine monophosphorothioate (Rp-
cAMPS), diastereomers of cAMP that selectively activate and in-
hibit cAMP-dependent protein kinase A (PKA), respectively.

The cAMP/PKA pathway is known to be required for both
short-term (lasting minutes to hours) and long-term (lasting
days) memory storage in the hippocampus and amygdala (Frey et
al. 1993; Bernabeu et al. 1997; Pittenger and Kandel 2003). Pre-
vious studies using the antagonist Rp-cAMPS show that while
PKA activity within the mPFC is not required for working
memory, its activation by Sp-cAMPS impairs performance (Taylor
et al. 1999). Our present study corroborates these findings on
working memory and shows that PKA activity within the mPFC
is necessary for memory lasting minutes, specifically in a task
that presents conflicting representations. Taken together, these
results suggest that distinct molecular mechanisms underlie
working and short-term memory.

Results

Analysis of infusion sites
Following the completion of the behavioral studies, cannulae
placement was verified by histological examination of the needle
tracks. Figure 1A shows the nonredundant sites for the mPFC
infusions of the animals used. All of the infusions were within a
0.5-mm region of the prelimbic/infralimbic cortices along the
anterior-posterior axis.

Intra-mPFC infusions of Sp-cAMPS and Rp-cAMPS
enhance and decrease phospho-CREB
immunoreactivity, respectively
To test the efficacy of Sp-cAMPS and Rp-cAMPS in altering sub-
strate protein phosphorylation in mPFC neurons, immunohisto-
chemistry for phospho-CREB on coronal brain sections contain-
ing the prelimbic/infralimbic cortices was performed. Numerous
studies have shown that Ser133 of CREB is phosphorylated by
PKA. Therefore, we used phospho-CREB immunoreactivity as a
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means of observing the effectiveness of Sp-cAMPS and Rp-
cAMPS. Unilateral infusions of 10 µg of Sp-cAMPS or Rp-cAMPS
into the mPFC (similar concentrations were shown to influence
working memory performance; Taylor et al. 1999) were admin-
istered using the contralateral hemisphere of the same animal as
a vehicle-infused control. The representative confocal images in
Figure 1B show that the PKA activator Sp-cAMPS enhanced,
whereas the inhibitor Rp-cAMPS decreased, phospho-CREB im-
munoreactivity. Neither Sp-cAMPS- nor Rp-cAMPS-infusion al-
tered phospho-CaMKII immunoreactivity, suggesting that these

agents did not cause a generalized change in phospho-
immunoreactivity (Fig. 1C). Double labeling with an antibody
for the neuron-specific protein NeuN (Fig. 1B,C, right panels)
revealed that both phospho-CREB and phospho-CaMKII immu-
noreactivities could be observed in neurons.

PKA activation impairs performance in the delay
match-to-place working memory task
It had been reported that activation of PKA by intra-mPFC infu-
sion of Sp-cAMPS impairs working memory in a delay alternation
task (Taylor et al. 1999). In the present study, to examine the
effect of PKA manipulation using a different working memory
task, animals received either intra-mPFC infusions of Sp-cAMPS
(n = 7) or vehicle (n = 7), and 15 min later were tested in the delay
match-to-place task as outlined in Figure 2A. In this task, animals
are required to locate a hidden escape platform during location
trials and, following a 5-sec delay period in which they are re-
moved from the training context, allowed to relocate the plat-
form (matching trial). Following a 4-min intertrial interval (ITI),
the platform is moved and the paired trials are repeated. The
vehicle-infused animals were able to locate the platform signifi-

Figure 1. Intra-mPFC infusions of Sp-cAMPS increase, whereas Rp-
cAMPS infusions decrease, phospho-CREB immunoreactivity in neurons.
(A) Depictions of a coronal section (adapted from Paxinos and Watson
1997) demonstrating nonredundant locations of infusion needle track
termini within the mPFC for the animals used in this study (3.2 and 3.7
mm anterior to bregma). (B) Intra-mPFC Sp-cAMPS infusion increased
phospho-CREB immunoreactivity (red), whereas Rp-cAMPS infusions de-
creased phospho-CREB immunoreactivity, compared to vehicle-infused
contralateral hemispheres of the same animal. Phospho-CREB immuno-
reactivity colocalized with the neuron-specific antigen NeuN (green) im-
munoreactivity. (C) Neither Sp-cAMPS nor Rp-cAMPS had an effect on
phospho-CaMKII immunoreactivity (green) compared to the vehicle-
infused contralateral side. Phospho-CaMKII immunoreactivity colocalized
with the neuron-specific antigen NeuN (green). cc, corpus callosum; IL,
infralimbic cortex; PL, prelimbic cortex

Figure 2. Increased prefrontal PKA activity interferes with working
memory. (A) Schematic of the chronological sequence of the delay
match-to-place working memory task showing two paired-trials (location
and matching trials), with two different platform locations, separated by
an intertrial interval (ITI). (B) Average latency to the hidden platform (sec)
for location trials (loc) and matching trials (match) during the working
memory task for bilateral intra-mPFC infused vehicle and Sp-cAMPS
(10µg/side) groups. Vehicle-infused animals had a significantly decreased
latency to platform in matching trials, and Sp-cAMPS-infused animals did
not, indicating a working memory impairment. (C) Average latency to the
hidden platform (sec) for location and match trials during the working
memory task for intra-mPFC infused vehicle and Rp-cAMPS (10µg/side)
groups. Both groups had a significantly decreased latency to platform in
matching trials, displaying normal working memory. However, Rp-
cAMPS-infused animals had a significantly lower latency to platform dur-
ing location trials than vehicle-infused animals. *, significant decrease in
latency between match trial and location trial within a group. †, signifi-
cant difference in location trial latency between groups. P � 0.05.
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cantly faster during the match trials compared to the location
tr ials , indicat ing normal working memory (vehic le :
loc = 45.1�5.4 sec vs. match = 24.3�3.6 sec, P < 0.05; Fig. 2B).
However, animals receiving infusions of the PKA activator Sp-
cAMPS were unable to locate the platform significantly faster,
suggesting a working memory impairment (Sp-cAMPS:
loc = 45.3�4.0 sec vs. match = 35.2�5.5 sec, n.s.). No difference
in swimming speed was observed between the two groups (Sp-
cAMPS = 26.8�1.3 cm/sec; vehicle = 27.7�1.0 cm/sec, n.s.). To
test whether PKA activity is necessary for spatial working
memory, separate groups of animals received bilateral intra-
mPFC infusions of Rp-cAMPS (n = 18) or vehicle (n = 15) before
testing in the delay match-to-place task. Both vehicle- and Rp-
cAMPS-infused animals had a significantly decreased latency to
platform during the matching trials compared with the location
trials, demonstrating working memory (vehicle: loc = 42.2�2.7
sec vs. match = 28.1�3.0 sec, P < 0.05; Rp-cAMPS: loc = 32.9�2.4
sec vs. match = 25.2�2.7 sec, P < 0.05; Fig. 2C). Interestingly, a
significant decrease in latency to platform was observed during
the location trial in the Rp-cAMPS-infused group compared to
vehicle-infused controls (Rp-cAMPS: loc = 32.9�2.4 sec; vehicle:
loc = 42.2�2.7 sec, P < 0.05; Fig. 2C). These findings are consis-
tent with previous studies demonstrating that stimulation, but
not inhibition, of mPFC PKA activity impairs working memory
(Taylor et al. 1999; Ramos et al. 2003).

Intra-mPFC PKA activity is required for
short-term memory
The delay match-to-place task utilized in the present study allows
for the observation of residual memory for the previous platform
location during the subsequent location trial that is given 4 min
later. As a result of short-term memory for the prior paired-trial,
animals return to the previous platform location before perform-
ing a generalized search for the platform (Runyan et al. 2005).
Our results (Fig. 2C) revealed that the Rp-cAMPS-infused group
had significantly shorter latencies to find the hidden platform
during the location trial compared to the vehicle-treated control
animals. Examination of the swim traces demonstrated that, un-
like vehicle-infused controls, Rp-cAMPS-infused animals did not
return to the previous platform location, indicative of a short-
term memory impairment (Fig. 3A). When examined on a paired-
trial by paired-trial basis, we found that during the location trial
of the first paired-trial, no difference between vehicle- and drug-
infused animals occurred (Rp-cAMPS: loc = 31.9�4.9 sec; vehicle:
loc = 36.7�5.0 sec, n.s.; Fig. 3B). However, on subsequent paired-
trials (those preceded by a previous paired-trial [trials 2–4]), ve-
hicle-infused animals demonstrated an increase in latency to
platform during location trials compared to Rp-cAMPS-infused
animals (Rp-cAMPS: loc = 33.1�2.6 sec; vehicle: loc = 42.8�2.4
sec, P < 0.05; Fig. 3C). Taken together, these results suggest that
PKA activity within the PFC is required for short-term memory in
this task.

The mPFC is involved in the short-term storage of
information in a task with conflicting representations
To further test the involvement of PKA activity in the use of
memory lasting minutes, the delay period between the location
and the match trials was extended to 1.5 min. As working
memory-related delay neuron activity has been reported to last
for up to 20 sec, the 1.5-min interval between the location and
match trials is beyond the temporal limitations of working
memory (Fuster and Jervey 1982) (Fig. 4A). Additionally, the ITI
was extended to 10 min in order to reduce the influence of
memory for the previous paired-trial. A third group of animals
received bilateral intra-mPFC infusions of either Sp-cAMPS

(n = 6) or vehicle (n = 7) 15 min before testing. In contrast to the
negative influence of PKA activation on working memory, Sp-
cAMPS infusion did not affect the ability of the animals to per-
form the task when the delay period was extended to 1.5 min
(vehicle: loc = 39.7�5.2 sec vs. match = 27.4�5.4 sec, P < 0.05;
Sp-cAMPS: loc = 42.5�3.6 sec vs. match = 30.5�3.2 sec, P < 0.05;
Fig. 4B). Bilateral infusions of Rp- cAMPS (n = 9), however, re-
sulted in the inability to relocate the platform significantly faster
(vehicle: loc = 38.4�2.9 sec vs. match = 27.3�3.1 sec, P < 0.05;
Rp-cAMPS: loc = 38.6�5.4 sec vs. match = 34.4�2.1 sec, n.s.; Fig.
4C), indicating a requirement for PKA activity in the delayed use
of information over minutes. No difference in swimming speed
was observed between the two groups (Rp-cAMPS = 23.1�1.2 cm/
sec; vehicle = 24.3�0.8 cm/sec, n.s.).

Extensive evidence shows that the PFC is involved in orga-
nizing behavior specifically when conflicting information exists
(Zahrt et al. 1997; Ragozzino et al. 1999; Clarke et al. 2004). To
test whether mPFC PKA activity is required when there is no
conflict, as when the platform location is stationary, Rp-cAMPS
or vehicle was infused into a fourth group of animals before
training in a standard Morris water maze task with an ITI of 1.5
min (Fig. 4D). No effect on latency to platform was observed as a

Figure 3. Decreased prefrontal PKA activity does not influence working
memory but resulted in impaired short-term memory between trials. (A)
Representative location trial swim traces illustrating that although ve-
hicle-infused animals return to the previous trial’s platform location, Rp-
cAMPS-infused animals did not. Graph shows average latency to the
hidden platform (sec) for location trials and matching trials for the first
paired-trial (B) and for trials 2–4 (C), demonstrating that the decrease in
latency to platform observed in Rp-cAMPS-infused animals occurred only
when there was a previous platform location. *, significant decrease in
latency between match trial and location trial within a group. †, signifi-
cant difference in location trial latency between groups. P � 0.05.
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result of Rp-cAMPS infusions (n = 7) compared to vehicle con-
trols (n = 8) (F(1,6) = 0.0057, P = 0.94), and both groups demon-
strated significant acquisition (F(8,48) = 2.76, P < 0.05; Fig. 4E).
Additionally, representative swim traces from the final trial show
that both vehicle- and Rp-cAMPS-infused animals demonstrate
localized platform searches (Fig. 4E, inset). These findings are
consistent with previous studies indicating that mPFC lesions do
not alter performance in the standard Morris water maze task (de
Bruin et al. 1994; Compton et al. 1997).

To specifically examine whether the PKA involvement in
short-term memory occurred as a result of varying the platform
location between paired-trials, Group 5 was tested in the delay
match-to-place paradigm using a fixed platform position (Fig.
4F). Animals were bilaterally infused with either vehicle or 10
µg/side Rp-cAMPS, then tested for short-term memory in four
match-to-place trials with a 1.5-min delay period. No significant
difference was observed between the latency curves of intra-
mPFC Rp-cAMPS infused- (n = 5) and vehicle-infused groups

(n = 5) (F(1,13) = 0.185, P = 0.67) when the platform position re-
mained static throughout the experiment (Fig. 4G).

Discussion
Several studies have demonstrated that the PFC is involved in the
use of information encountered minutes earlier, outside of the
upper temporal limits of working memory (Seamans et al. 1998;
Floresco and Phillips 2001; Raye et al. 2002). It has been proposed
that relevant information is stored in other brain regions, which
is retrieved and held in working memory for subsequent integra-
tion by the PFC for guiding goal-directed behavior. Here we dem-
onstrate that information storage within the PFC, which is be-
yond the temporal limits of working memory, is required for
guiding behavior in a task that presents conflicting information,
but not in a task without such conflicts. Specifically we show that
mPFC PKA inhibition impairs short-term memory in a delay
match-to-place task only when the platform is moved between
trial pairs to provide conflict.

Cognitive control is required for appropriate behavioral re-
sponses in situations presenting conflicts in order to suppress a
previously learned response and generate a less-familiar response.
Imaging studies in human subjects have shown the involvement
of the anterior cingulate cortex (ACC) and dorsolateral prefrontal
cortex (dLPFC) in cognitive control (Kerns et al. 2004). It has
been proposed that the ACC first detects the conflict and in-
creases the activity in the dLPFC, which guides the behavior
(Matsumoto and Tanaka 2004). These studies, however, did not
address whether storage of information from previous experience
is required for guiding behavior in situations with conflicts. One
advantage of the delay match-to-place task used in the present
study is that it allows us to assess an animal’s working memory
and short-term memory during a single session. Since blockade
of mPFC PKA activity impaired short-term, but not working,
memory in the same animal, these influences of PKA modulation
do not appear to be due to a generalized mPFC dysfunction.
Although delay period activity within the PFC only occurs for a
period of seconds, the present findings suggest that information
can be stored via a different molecular mechanism within the
PFC beyond the temporal limitations of working memory. This
may allow for easy accessibility of information for guiding be-
havior when pre-existing information may conflict with the pre-
sent task goals.

Using the phosphorylation of CREB as a marker of PKA ac-
tivity, we demonstrated that Sp-cAMPS and Rp-cAMPS effectively
enhanced and decreased phospho-Ser133 immunoreactivity, re-
spectively. These naturally occurring diastereomers of cAMP
have been demonstrated to be useful in the study of PKA due to
their specificity, cell permeability, and resistance to cyclic
nucleotide phosphodiesterase activity. Evaluation of the extent
of detectable increases/decreases in CREB phosphorylation, as
well as our histological examination of cannulae placement, did
not reveal any influence of the drug outside of the mPFC. How-
ever, as changes in CREB phosphorylation were observed in both
the prelimbic and infralimbic cortices, we cannot determine
which of these two regions (or both) is responsible for the be-
havioral effects we observed. Furthermore, it has repeatedly been
demonstrated that hippocampal function is critical for perfor-
mance in the Morris water maze task (Morris et al. 1982, 1986),
and that short-term memory within this structure is dependent
on PKA activity (Vianna et al. 2000). We showed previously that
drugs infused into the mPFC do not diffuse to the hippocampus
(Runyan et al. 2004). Consistent with this, no effect of mPFC
infusion of Rp-cAMPS was observed in the stationary platform
version of the Morris water maze task, indicating that the PKA
inhibitor did not diffuse into the hippocampus.

Figure 4. Decreased mPFC PKA activity impairs short-term memory
when the platform location is varied. (A) Schematic of the chronological
sequence of the delay match-to-place short-term memory task showing
two paired-trials, with two different platform locations, separated by an
intertrial interval (ITI). (B) Average latency to the hidden platform (min)
for location and match trials during the short-term memory task for ve-
hicle and Sp-cAMPS groups. (C) Average latency to the hidden platform
(sec) for location and match trials during the short-term memory task for
vehicle and Rp-cAMPS groups. (D) Schematic of the chronological se-
quence of the Morris water maze short-term memory task. (E) Acquisition
curves demonstrating that both vehicle- and Rp-cAMPS-infused groups
showed comparable learning when the platform was stationary. Inset:
Representative swim traces taken from the last trial illustrating that both
groups showed localized platform searches. (F) Schematic of the chrono-
logical sequence for the stationary delay match-to-place short-term
memory task. (G) Average latency to the hidden platform (min) during
the stationary delay match-to-place short-term memory task for intra-
mPFC infused vehicle and Rp-cAMPS groups. When the platform remains
stationary, latency to platform is not affected by intra-mPFC Rp-cAMPS
infusion. *, significant decrease in latency between match trial and loca-
tion trial within a group. P � 0.05.
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Using a delayed alternation task, Taylor et al. (1999) dem-
onstrated that infusion of Sp-cAMPS impairs working memory
whereas Rp-cAMPS had no effect, observations consistent with
the present report. In contrast, Aujla and Beninger (2001) ob-
served that inhibition of PKA in the mPFC impairs working
memory in a delayed win-shift task. However, the duration of the
delay used by Aujla and Beninger was 30 min and more fitting of
the description of short-term memory used in our study. In this
respect, our results are consistent in that PKA inhibition in the
mPFC impairs memory lasting minutes. The involvement of PKA
in short-term memory has been demonstrated in several species
and in multiple mammalian brain structures, suggesting a con-
servation of this mechanism. For example, in the marine mollusk
Aplysia californica, short-term sensitization of the gill-siphon re-
flex is dependent on presynaptic PKA activity (Castellucci et al.
1982). In rodents, inhibition of PKA by targeted infusion of Rp-
cAMPS into the hippocampus, or KT5720 (a PKA-selective inhibi-
tor) into the entorhinal cortex, impairs short-term memory for
one-trial step-down inhibitory avoidance (Izquierdo et al. 2000;
Vianna et al. 2000). In the present study, impaired short-term
memory following PKA inhibition within the PFC was only ob-
served when conflict was present as a result of moving the plat-
form between pairs of training-testing trials. No effect of PKA
inhibition was observed when the platform position was station-
ary. This finding is consistent with studies using lesion of the PFC
which show that prefrontal function is not required for perfor-
mance in the standard version of the water maze (de Bruin et al.
1994; Compton et al. 1997) and studies demonstrating engage-
ment of the PFC in tasks in which cognitive control is necessary
in order to guide appropriate behavioral responses (Kerns et al.
2004; Matsumoto and Tanaka 2004). Our results demonstrate
that short-term memory storage within the PFC is required for
guiding behavior in tasks with conflicts and provides a plausible
mechanism by which the PFC executes cognitive control. How-
ever, one caveat of this interpretation is that we cannot rule out
the possibility that PKA-mediated short-term memory is stored in
the PFC as a result of training in tasks without conflict, but that
its loss as a result of PKA inhibition simply does not interfere with
behavior. Although the exact downstream processes which are
activated by enhanced PKA activity in the mPFC are not known
at present, it is likely that these processes are similar in nature to
those previously attributed to PKA in short-term memory such as
increased phosphorylation of S-type K+ channels and increased
transmitter release (Shuster et al. 1985; Byrne and Kandel 1996).

It was recently observed that calcineurin, especially PFC cal-
cineurin activity, is involved in maintaining working memory
(Runyan et al. 2005). Calcineurin is a calcium/calmodulin-
dependent protein phosphatase that can dephosphorylate sub-
strates that are phosphorylated by PKA and other protein kinases.
Therefore, although PKA-mediated phosphorylation may be in-
volved in short-term memory, increased prefrontal PKA activity
may interfere with intracellular events required for the mainte-
nance of working memory. At present, however, it is not known
whether the same cells within the PFC are responsible for both
working and short-term memory. Using an in vitro phosphory-
lation assay, we measured PKA activity following delay periods
lasting seconds and minutes but failed to detect any significant
changes (data not shown). This inability to detect PKA activation
could be due to either a modest activation of PKA or activation of
PKA within a limited number of cells. As the downstream sub-
strates that are phosphorylated in response to PKA activity fol-
lowing behavioral training are delineated, these substrates may
serve as a means of determining the cell populations involved in
working and short-term memory storage. In addition to PKA,
other kinases such as CaMKII have been implicated in short-term
memory formation. In our recently published work investigating

the role of calcium-mediated signaling in prefrontal working
memory (Runyan et al. 2005), inhibition of CaMKII did not ap-
pear to interfere with short-term memory in this structure. How-
ever, definitive experiments to address the role of this and other
kinases in short-term memory formation within the mPFC have
not been performed.

Taken together, our findings provide experimental evidence
for two distinct intracellular mechanisms for information storage
within the PFC depending upon the length of time between the
acquisition and the use of information. The impairing effect of
PKA inhibition on short-term memory was observed to occur
selectively when the flexible use of competing information was
required. This ability of the PFC could subserve its role in select-
ing, comparing, and inhibiting conflicting representations in or-
der to organize appropriate behavior within specific contexts.

Materials and Methods

Surgery
Animal protocols were approved by the Institutional Animal
Welfare Committee and were in compliance with National Insti-
tutes of Health Guide for Care and Use of Laboratory Animals. A
total of 89 male Sprague-Dawley rats were implanted bilaterally
(under isofurane anesthesia) with sterile stainless-steel guide can-
nulae aimed at the dorsal border of the prelimbic area using a
stereotaxic device (bregma 3.2 mm, lateral � 0.75, and depth
�2.5 mm). All infusion needle tracks examined terminated
within the mPFC cortex (prelimbic/infralimbic cortices). Can-
nula placement was assessed in a representative group of animals.

Behavioral protocol
All behavior tests were performed by an investigator blind to the
treatment groups. Twenty-four hours before testing, animals
were given five training trials in a delay match-to-place version of
the Morris water maze task (Hamm et al. 1996; Steele and Morris
1999; Dash et al. 2004) in order to familiarize them with the task.
Each testing session consisted of a location trial, a 5-sec delay,
and a matching trial. Each location trial was started from a
unique position in the tank, and the hidden platform was in a
novel location. Once the platform was found, the animal was
allowed to rest on the platform for 10 sec. The animal was then
removed from the hidden platform during a delay period (5 sec
for working memory test, 1.5 min for short-term memory), and
placed in the holding area. The animal was then placed back into
the water maze at the same starting position as in the location
trial and allowed to search for the hidden escape platform (the
matching trial). If the animal failed to locate the platform within
60 sec on any given trial, it was led there by the investigator.
After each matched trial, rats were given an intertrial interval
(ITI) (4 min for working memory and 10 min for short-term
memory) before the next pair of trials. The influence of each drug
on working memory performance was assessed in four pairs of
trials. All other parameters were kept constant. In the short-term
spatial memory test using the standard Morris water maze, ani-
mals were given nine location trials with a 1.5-min ITI, and the
platform was kept stationary.

Intra-mPFC infusions
Drugs were dissolved in saline at a concentration of 10µg/µL, and
infusions were performed bilaterally at a rate of 0.25µL/min for 4
min. Following infusion, the needles were left in place for 2 min
to allow for diffusion of the drug. Infusions were carried out 15
min prior to working memory testing. Dosages of Sp-cAMPS and
Rp-cAMPS used here were based on previous in vivo studies (Tay-
lor et al. 1999), and their specificities have been extensively char-
acterized (Botelho et al. 1988; Rothermel and Parker Botelho
1988; Sandberg et al. 1991; Schaap et al. 1993).
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Immunohistochemistry
Animals received unilateral intra-mPFC infusions of Rp-cAMPS or
Sp-cAMPS. The contralateral hemisphere was infused with ve-
hicle and served as an intra-animal control. Twenty min follow-
ing infusion, animals were decapitated and brains were quickly
removed while submerged in ice-cold artificial cerebrospinal
fluid. Tissue slabs containing the mPFC were isolated and fixed in
ice-cold 4% paraformaldehyde/15% picric acid. Immunohisto-
chemistry was performed on free-floating 40-µ-thick sections us-
ing an antibody that specifically recognizes CaMKII when phos-
phorylated on Thr286 (2 µg/mL), or an antibody recognizing
cAMP-response element binding protein (CREB) when phos-
phorylated on Ser133 (0.2 µg/mL) (Cell Signaling). Immunoreac-
tivity for both phosphorylated CREB and CaMKII was visualized
using a species-specific secondary antibody conjugated to Alexa
488 fluorochrome (Molecular Probes). Double-label immunohis-
tochemistry was performed using an antibody against the neu-
ronal marker NeuN (1 µg/mL). NeuN immunoreactivity was vi-
sualized using a species-specific secondary antibody conjugated
to Alexa 568 fluorochrome. During confocal microscopy, the la-
ser intensities and settings were kept constant for all images.

Data analysis
A two-way repeated measures ANOVA was used for statistical
evaluation of differences in latency to the platform between ex-
perimental and control groups in location and matching trials as
well as for the Morris water maze short-term memory test. Post
hoc examination was performed using the Tukey or Fisher LSD
tests. A P-value � 0.05 was used as the criterion for significance.
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